We present a silicon dual-coupled-ring resonator modulator with push-pull coupling tunings. The basic idea of this scheme is to construct a dual-coupled-ring resonator structure in which the coupling coefficients of all coupling regions are tunable through MachZehnder interferometers operated in push-pull modes. Two coupling coefficients are tuned jointly for optical bandwidth shaping and tuning while another coupling coefficient is tuned for high speed and chirp-free modulation. The fundamental analytical expressions for the intensity transmittance, the critical and the resonance conditions of the proposed dualcoupled-ring resonator modulator are derived. In addition, the performance simulations and optimization are presented and compared with those of the single-ring resonator modulator. The proposed dual-coupled-ring resonator modulator is more likely to achieve wide optical bandwidth tuning range and narrow channel spacing simultaneously, which are suitable for future optical processing and interconnects.
Introduction
Silicon-based photonics which offers the potential to integrate photonics and electronics together on a single platform has generated an increasing interest in recent years, mainly for optical telecommunications or for optical interconnects. Silicon optical modulator is one of the critical CMOScompatible integrated optoelectronic components to enable this breakthrough technology. High modulation speeds, low losses, large and tunable bandwidths and small footprints are crucial requirements for future on-chip optical processing and interconnects [1] , [2] .
Mach-Zehnder (MZ) interferometer [3] , [4] and ring resonator [5] , [6] are mainly two geometries available for achieving optical modulation. Compared with MZ interferometer, ring resonator has more potential for compact size and high density integration owing to its resonant nature. In principle, for a single ring resonator, three physical parameters including the index of the ring, the coupling between the ring and the bus waveguide and the loss of the ring can be varied to achieve the modulation. Compared with the modulations of index and loss, the coupling modulation can break the natural limitations on some characteristics such as the modulation bandwidth, chirp and so on [7] - [9] . Whatever modulation scheme is used, a high quality factor (Q) is desirable for a ring-resonator-based modulator to achieve low power consumption and high extinction ratio. However, the relative narrow and spiky spectral features of a high-Q ring resonator make it sensitive to temperature variations and typical fabrication tolerances. The optical bandwidth and its thermal stability of a ring resonator can be improved by cascading multiple rings in either series-coupledresonator [10] , [11] or parallel-coupled-resonator [12] , [13] configuration, both of which have been utilized in constructing silicon multiring resonator modulator schemes [14] - [24] . However, there are no reported modulator schemes applying the coupling modulation to the multiring resonator configuration, thus leading to the chirp and the bandwidth limitation imposed by the resonator linewidth. Moreover, the expanded optical bandwidths achieved in the reported schemes are not tunable, which greatly hamper their practical applications on optical process and interconnects. Meanwhile, the reported optical bandwidth-tunable ring resonator schemes [25] , [26] are not used for modulating and are temperature-sensitive. Therefore, it would be meaningful to construct an innovative modulator which can combine the benefits of coupled-multiring resonator configuration and coupling modulation method to achieve better thermal stability, wider and tunable optical bandwidth, high modulation speed beyond linewidth limit and chirp-free modulation simultaneously, which are more applicable for future on-chip optical processing and interconnects. Motivated by this purpose, we propose a silicon dual-coupled-ring resonator modulator structure which has three coupling regions replaced by the MZ interferometers. Two MZ interferometers are tuned jointly for spectrum profile tailoring and another MZ interferometer is used to carry out the coupling modulation. In addition to the function of high-speed and chirp-free modulation with high thermal stability, the proposed dual-coupled-ring resonator modulator integrates a function of optical bandwidth tuning, which are suitable for optical signal processing such as reconfigurable filtering and routing in which the optical bandwidth can be tuned to accommodate one or more channels within one resonance. A theoretical analysis is provided to suggest the technical feasibility of the proposed scheme. The modulation performance simulations for the dual-coupled-ring resonator and the single-ring resonator configurations are presented and the corresponding results are compared. Fig. 1 shows the schematic diagram of the proposed dual-coupled-ring resonator modulator. The silicon PIN waveguide configuration whose index can be manipulated by using the plasma dispersion effect [27] or the thermo-optic effect [28] is employed. For simplicity, the ring resonator coupled to the through waveguide and the other ring resonator coupled to the drop waveguide are denoted as rings A and B, respectively. From the through waveguide to the drop waveguide, three MZ interferometers which are located in the three coupling areas are denoted by the numbers of 1, 2 and 3 respectively. For the MZ interferometer 1, its arms are equipped with a pair of high-speed electrodes for modulation and a pair of microheaters for bias-setting, respectively. For the two MZ interferometers 2 and 3, each of them is equipped with a pair of microheaters on its arms so that the two couplings can be controlled statically to achieve the desirable spectrum profile. In the following, a theory of dual-coupled-ring resonator modulator is established and the performance simulations for the proposed modulator structure are presented. Compared with the single-ring resonator scheme, the dual-coupled-ring resonator scheme combining the benefits of coupled-ring resonator configuration and coupling modulation way provides more latitude for optimization though the modeling gets more complicated.
Device Structure and Theory
Here, we consider the case in which the light is coupled to the upper waveguide of the MZ interferometer 1 and the through port of the ring A is taken as the output of the modulator, as shown in Fig. 1 . In the formula derivation, we assume each MZ interferometer is operated in the push-pull mode so that a differential phase can be introduced between the two arms when a pair of opposite-sign driving voltages are applied on them. Meanwhile, we assume the propagation loss change caused by the applied voltage is ignored. Using the coupled mode theory, we can describe the input-output relations of the nth (n = 1, 2, 3) MZ interferometer sandwiched between two 3-dB couplers by [29] 
where a u,l n and b u,l n are respectively the electric fields amplitudes in input and output ports of the nth MZ interferometer (refer to the notations in Fig. 1 ) and the propagating waves inside upper and lower waveguides of MZ interferometer are denoted by superscripts u and l respectively. α and β = 2πn/λ are respectively the loss coefficient and the propagation constant of the waveguide, n is refractive index and λ is the wavelength. L n and φ n are the arm length of MZ interferometer and the differential phase between the two arms, respectively. For the coupling region which is replaced by the MZ interferometer driven in a push-pull mode, the coefficients of cross-coupling and self-coupling are cos ( φ 2 /2) and sin ( φ 2 /2), respectively.
Firstly, we consider the electric field amplitude in the ring B after propagating along the MZ interferometer 3. From (1), we can deduce the expression for b
When we denote the perimeter of ring B as L B and make use of (2), the transmission around the ring B can be written as
Similarly, from (1), we can deduce the expression for the electric field amplitude in the ring B after propagating along the MZ interferometer 2
Combining (3) and (4), we obtain
We substitute (5) into (1) and obtain the expression for the electric field amplitude at the output port of upper waveguide of MZ interferometer 2
Actually, (6) is electric field amplitude expression at the through port of a single ring whose two coupling coefficients are controlled by two MZ interferometers operated in the push-pull modes. Thus, when we denote the perimeter of ring A as L A and make use of (6), the transmission around the ring A can be written as
Similarly, from (1), we can deduce the expression for the electric field amplitude in the ring A after propagating along the MZ interferometer 1
Combining (7) and (8), we obtain
Substituting (9) into (1), we obtain the expression for the electric field amplitude transmittance of the proposed dual-coupled-ring resonator modulator
Then the intensity transmittance of the proposed dual-coupled-ring resonator modulator is obtained as In order to achieve a high extinction ratio, the ring-resonator-based modulator is initially in the critical coupling condition in which the output is zero at specific wavelength corresponding to the critical coupling point. For the dual-coupled-ring resonator, there will be 2 critical coupling points due to the splitting of the original resonance as a result of coupling between the two rings resonators. This is in contrast to a single ring resonator in critical coupling condition, where the output is zero only when the light is fixed at the resonance, therefore resulting in a much narrower optical bandwidth. From (12), we can deduce the critical coupling condition for the proposed dual-coupled-ring resonator modulator as
where sin ( φ 3 /2) is the self-coupling coefficient of the coupling region where the MZ interferometer 3 is located, namely the external loss of the ring B. The result indicates that the proposed dualcoupled-ring resonator is in the critical condition when the self-coupling coefficient of the coupling region where the MZ interferometer 1 is located equals the product of internal and external losses of the two coupled rings, similar to the critical condition in the single ring case [30] . When we assume the two rings have the same perimeter (i.e., α A = α B ) and are in the critical coupling condition, the corresponding two critical coupling points are given by the following
The double-resonance condition can be derived from (14) as follows
When tg( φ 2 /4) = α B sin( φ 3 /2) and the device is in the critical coupling condition, the two critical coupling points degenerate into a single critical point corresponding to resonance wavelength of a single ring resonator. When tg( φ 2 /4) > α B sin( φ 3 /2), the single-resonance still exists, but the critical coupling point disappears though the device is still in the critical coupling condition, and then the resonance depth decreases with the increasing differential phase φ 2 .
Transmission Spectrum Characteristics and Principle of Operation
In our simulation, we set the parameters of the proposed dual-coupled-ring resonator modulator as follows: the perimeters of the coupled dual rings are both 36 μm, the refractive index and loss coefficient of the silicon waveguide are 2.5 and 1/cm [17] , respectively, the arm lengths of the three MZ interferometers are all 10 μm. The quality factor Q of the two rings are calculated to be both ∼10 5 . The waveguide has a typical width of 0.5 μm, a height of 0.25 μm, and a 50 nm-thick slab for p-and n-type doping along the arms of the MZ interferometers. The doping profile of the waveguide with a doping concentration of 1 × 10 19 cm −3 is similar to that of the p-i-n diode in silicon microring resonator modulator [5] , [31] . The simulation results indicate that there is one guided transverseelectric (TE) mode and one guided transverse-magnetic (TM) mode in the waveguide, in which only the TE mode is used. Considering three MZ interferometers and two ring resonators are employed, the polarization mode dispersion (PMD) would be an issue for the proposed dual-coupled-ring resonator modulator. Hence, the PMD compensators have to be used when the proposed dualcoupled-ring resonator modulator is used in the long-haul high bit-rate transmission systems [32] . When we assume the differential phase φ 3 is π (i.e., external loss of ring B is zero) and the dualcoupled-ring resonator is critical coupled, Fig. 2(a) illustrates some typical transmission spectra with differential phase φ 2 . The corresponding cross-coupling coefficients (i.e., cos ( φ 2 /2)) of black line, blue line and red line are 0.047, 0.082 and 0.125, respectively. It is shown that two "split" critical coupling points caused by the coupling between the two coupled rings appear in the transmission spectrum with a peak in the center of them if the two coupled rings are set to have the same resonance wavelength. The two critical coupling points determined by (14) shift in opposite directions when φ 2 varies, accompanied by the modifications of the width and height of the central peak which can be used for purpose of optical bandwidth tuning. The weaker the interaction between the coupled rings, the smaller the spacing between the two critical coupling points, and hence the lower and narrower the central peak. When the interaction reduces further to minimum (i.e., cos ( φ 2 /2) = 0), the two critical coupling points coincide and the central peak disappears. On the contrary, if the interaction is increased to maximum (i.e., cos ( φ 2 /2) = 1), the spacing between the two critical coupling points and the height of the central peak reach the maximums simultaneously. Therefore, the stronger cross-coupling between the coupled two rings resonators helps achieve the wider optical bandwidth.
Besides a wide bandwidth, a flat optical bandwidth is beneficial for the insensitivity to fabrication and temperature variations. However, it can be seen in Fig. 2(a) that the optical bandwidth width extends at the expense of its flatness for the case in which the differential phase φ 3 is fixed. This tradeoff can be alleviated by controlling the coupling between drop waveguide and ring B to produce external loss for ring B. When other parameters are kept unchanged and φ 2 = 0.92π is given, Fig. 2(b) illustrates some typical transmission spectra with differential phase φ 3 when the dual-coupled-ring resonator is critical coupled. The corresponding external losses of ring B (i.e., cross-coupling coefficient cos ( φ 3 /2) of black line, blue line and red line are 0.383, 0.309 and 0, respectively. One can observe from Fig. 2(b) that, for a given φ 2 , the central peak between the two critical coupling points gets lower and the stopband gets more flat accordingly with the increasing external loss of ring B whereas the spacing between the two critical points reduces slightly. Thus, by tuning the two coupling coefficients of coupling regions where the MZ-interferometers 2 and 3 are located jointly, it may be possible to get the tunable spectrum shape with the desired width and flatness of the optical bandwidth.
The MZ interferometer 1 is initially biased by a pair of microheaters using the thermo-optic effect so that the proposed dual-coupled-ring resonator modulator is critical coupled (i.e., the critical coupling condition (13) is satisfied) and thereby is in the OFF state. The modulation operation is accomplished by applying a pair of opposite-sign driving voltages to the two arms of the MZ interferometer 1 through the high-speed electrodes using the plasma dispersion effect. Fig. 2(c) shows the spectra change with the cross-coupling coefficient cos ( φ 1 /2) when the flattened optical bandwidth is fixed (i.e., the differential phases φ 2 and φ 3 are fixed). The corresponding crosscoupling coefficients cos ( φ 1 /2) of black line, blue line and red line are 0.495, 0.233 and 0, respectively. We can observe that the resonance depth of the spectrum is modified when the pushpull coupling tuning is used in the MZ interferometer 1, whereas the resonance remains unshifted and the notch profile almost keeps unchanged, resulting in a chirp-free intensity modulation covering an expanded wavelength range. When the differential phase φ 1 is tuned to be π (i.e., the selfcoupling coefficient is 1), the proposed dual-coupled-ring resonator modulator is switched to the ON state in which there is no optical power transmitting through the ring A and the insertion loss is mainly determined by the propagation loss along one arm of the MZ interferometer 1. We can observe from Fig. 2(c) that a broad and flat spectrum response with a high transmission (>98%) can be achieved for the ON state, corresponding to an insertion loss of less than 0.1 dB. When the differential phase φ 1 is tuned to be 0.67π (i.e., the dual-ring resonator is critical coupled), the OFF state has below 2% transmission for an expanded wavelength range, corresponding to an extinction ratio of ∼17 dB, which is advantageous to carry out the high-depth and wide-optical bandwidth modulation. The modulation depth is calculated to be ∼17 dB by 10log (I max /I min ), where I max and I min are intensities transmitted when the modulator is switched to ON state and OFF state, respectively.
When the PIN diode structure of the proposed dual-coupled-ring resonator modulator is forward biased, the modulation bandwidth is mainly determined by the free carrier lifetime and the photon cavity lifetime. As the modulation of the proposed dual-coupled-ring resonator modulator is accomplished by coupling tuning so that the modulation bandwidth is only determined by the nonresonant MZ interferometer and the linewidth limitation on modulation bandwidth can be broken [7] , [9] . Considering the effective carrier lifetime 100 ps can be achieved by using carrier lifetime reduction scheme [31] , [33] , the modulation bandwidth is estimated to be ∼10 GHz.
Performance Simulation and Comparison
In this section, optical bandwidth, channel space and combined bandwidth-spacing performance of the proposed dual-coupled-ring resonator modulator are simulated and optimized, and the corresponding results are compared with those of the single-ring resonator modulator. The optical structure parameters of the modulator and the assumptions have been given above.
Optical Bandwidth
The goal of this analysis is to design a dual-coupled-ring resonator modulator with a wide and flat optical bandwidth. To facilitate the optical bandwidth analysis, the central peak width w c , defined as the spacing between two critical points and the ripple r of the spectrum stopband are used to characterize the width and the flatness of the optical bandwidth, respectively. Fig. 3 shows the variations of central peak width w c and ripple r with differential phases φ 2 and φ 3 . It is shown in Fig. 3 that the central peak width w c increases with the increasing coupling between the two ring resonators (i.e., the decreasing of differential phase φ 2 ) for a fixed external loss of the ring B (i.e., the fixed differential phase φ 3 ), which can be used for purpose of optical bandwidth expanding or tuning. However, as shown in Fig. 3 , for the case in which there is no external loss in ring B (i.e., φ 3 = π), the ripple becomes larger rapidly and then keeps a large value with the increasing central peak width, which limits optical bandwidth expanding greatly. As we have analyzed in the previous section, the combined flatness-width limitation can be alleviated by introducing the external loss in ring B. As shown in Fig. 3 , for the cases involving external loss in ring B (i.e., φ 3 = π), the ripple increases relatively slowly with the increasing central peak width and the lower ripple can be achieved for the higher external loss when the central peak width is fixed, which is beneficial to achieve wide and flat optical bandwidth simultaneously.
Optical bandwidth refers to the useful operational wavelength range of a device [1] . As the spectrum response for the ON state is broad and flat, the optical bandwidth of the dual-coupled-ring resonator modulator is mainly determined by the spectrum shape in the OFF state. Therefore, in order to evaluate the combined width-flatness performance of the optical bandwidth, here we defined the optical bandwidth of the modulator to be the width of the continuous wavelength region where the transmission is below 10% in the OFF state, corresponding to an extinction ratio of ∼10 dB. Obviously, according to the definition, the optical bandwidth reaches the maximum when the transmission of central peak between the two critical coupling points is 10%. Fig. 4 shows the optimum combinations of the differential phases φ 2 and φ 3 for the maximum optical bandwidth. We can observe from Fig. 4 that a wide tuning range of optical bandwidth (∼28 nm) can be achieved by tuning the differential phases φ 2 and φ 3 jointly, and the optical bandwidth expanding requires the decreases of differential phases φ 2 and φ 3 .
Channel Spacing
Although the wide optical bandwidth is beneficial to decrease the sensitivity to the temperature and fabrications variations, it results in the increase of channel spacing if the proposed dual-coupled-ring resonator modulators are cascaded to form a wavelength-division-multiplexing (WDM) modulation system. Meanwhile, similar to the single ring resonator, the increase of external loss which is utilized to alleviate the combined width-flatness limitation of the dual-coupled-ring resonator may decrease the sharpness of the rising and falling edges and the out-of-band pass ratio due to the Q degradation, thus inducing a significant insertion loss and inter-channel-interference modulation to the adjacent channel and subsequently a low spectral efficiency if the channel spacing is not large enough. For comparison, Fig. 5 shows the transmission spectra of single-ring resonator and dual-coupled-ring resonator modulators when both of the optical bandwidths reach 2 nm (gray region) which is enough to accommodate a temperature drift of ±15°C without degrading device performance [34] . In this comparison, we assume both of the two ring-resonator-based modulators utilize the coupling modulation method and have the same ring resonator parameters. From Fig. 5 we can see that, compared with the single-ring resonator scheme, the proposed dual-coupled-ring resonator scheme has a higher and flatter pass band and a sharper resonance than the single ring due to the higher Q-factor. This means, with the same optical bandwidth and ring parameters, the single-ring resonator scheme introduces a larger insertion loss and inter-channel interference modulation than the dual-coupled-ring resonator scheme. For example, for the single ring resonator scheme, if an adjacent wavelength channel is placed 3 nm from the central wavelength of this channel (1579 nm), a small insertion loss of 0.5 dB and a low inter-channel interference modulation of 0.35 dB are introduced for the dual-coupled-ring resonator modulator. However, for the same channel placement, the single-ring resonator modulator with the same optical bandwidth introduces a 3.25 dB insertion loss and a 3.1 dB inter-channel interference modulation thus results in much larger channel spacing. If we assume a 0.97 dB adjacent channel insertion loss which corresponds to 80% transmission of spectrum passband is acceptable to a WDM system, the minimum channel spacing is S = 0.5 BW 0.97dB where BW 0.97dB is 0.97 dB optical bandwidth. Fig. 6 shows the minimum channel spacing as functions of the optical bandwidth for the dual-coupled-ring resonator modulator and the single-ring resonator modulator. As shown in Fig. 6 , the curve slope of the proposed dualcoupled-ring resonator modulator is much smaller than that of the single-ring resonator modulator, which means it has a higher spectral capacity. For example, with the same optical bandwidth of 2 nm and ring resonator parameters, the necessary channel spacing of the dual-coupled-ring resonator modulator is 4.9 nm and 3 times smaller than that of the single-ring resonator modulator, which also corresponds 3 times higher spectral capacity.
Combined Bandwidth-Spacing
As analyzed in the previous section, there is a tradeoff between the optical bandwidth and the minimum channel spacing whether configuration is single-ring resonator or dual-coupled-ring resonator. Consequently, it is difficult to simultaneously optimize these parameters. In order to evaluate the combined bandwidth-spacing performance, we have defined a figure-of-merit (FOM) to be the ratio between the optical bandwidth defined above and BW 0.97dB , considering the minimum channel spacing is proportional to the optical bandwidth determined by the acceptable adjacent channel insertion loss (0.97 dB is assumed in this paper). The wider the optical bandwidth and the smaller the channel spacing, the larger will be the FOM. Thus, the maximum FOM provides a good compromise between the optical bandwidth and the channel spacing. Fig. 7 shows the defined FOMs as functions of optical bandwidth for the dual-coupled-ring resonator and the single-ring resonator modulators. Obviously, the overall FOM curve of dual-coupled-ring resonator modulator is much higher than that of the single-ring resonator modulator which means it is more likely to achieve the wide optical bandwidth and the narrow channel spacing simultaneously. Moreover, it can be found in Fig. 7 that the dual-coupled-ring resonator modulator is superior to the single-ring resonator modulator in the optical bandwidth tuning range which means more channels can be accommodated when it is used as a reconfigurable channel selector for WDM system.
Power Consumption Estimation and Analysis
The power consumption defined as the energy expended in producing each bit of data is an important parameter to characterize the modulator used for optical interconnects [1] . Although high thermal stability, tunability of optical bandwidth, chirp-free modulation and high speed modulation beyond linewidth limitation can be achieved for the proposed dual-ring resonator modulator, the integration of ring resonators and MZ interferometers may result in the higher power consumption. In this section, we estimate and analyze the power consumption of the proposed dual-coupled-ring resonator modulator.
To facilitate the estimation of power consumption, we make the assumption that the structures of p-i-n diode employed in the proposed device are the same with that in the reference [31] , so we use the optimum driving results in this reference and set the bias voltage and drive voltage to be 1.13 V and 540 mV respectively. The total energy consumption for modulation comprises of dynamic and DC parts. The dynamic energy consumption defined as the total charge injected to the p-i-n diode times voltage swing can be evaluated by the following equation [31] E nergy/bi t = 1/8 × e × ( N e + N h ) × Vol × V pp (16) where e = 1.602 × 10 -19 C is the electron charge, Vol = S × L is the modal volume of the waveguide section with an effective modal area of S = 0.25 μm × 0.5 μm = 0.125 μm 2 , L is the arm length of MZ interferometer, V pp is the peak-to-peak drive voltage, and N e and N h are the densities of injected electron and hole which are 5. 100 ps allowing for a modulation bandwidth of 10 GHz, the steady state carrier density ρ = 2.8 × 10 17 cm −3 under the bias voltage of 1.13 V. When the modulation speed is 10 GHz, the DC energy consumption is estimated to be ∼63.3 fJ/bit. Thus, the total energy consumption for modulation is ∼92.3 fJ/bit which is dominated by the DC energy consumption. In addition to the power consumption for modulation, the extra power consumed by the microheaters for optical bandwidth shaping and tuning is required for the proposed dual-coupled-ring resonator modulator. It has been experimentally demonstrated that a 500 μm silicon waveguide length can deliver a phase shift of π for an applied power of 10 mW [35] , thus the power consumption for a MZ interferometer whose arm length of thermo tuning is 10 μm operated in a push-pull mode would be ∼250 mW. Considering there are three MZ interferometers in the proposed dual-ring resonator modulator, the maximum power consumption caused by the heaters would be ∼750 mW. Through the estimation of power consumption, we observe the power consumption of optical bandwidth shaping and tuning dominates the total energy of the proposed dual-ring resonator modulator.
Conclusion
In this paper, a silicon dual-coupled-ring resonator modulator whose coupling regions are replaced by three MZ interferometers has been proposed and analyzed theoretically. The transmission spectrum characteristics at different coupling coefficients of three coupling regions have been analyzed and optimized. It was shown that a wide, flat and tunable spectrum response can be easily achieved by tuning the two MZ interferometers while a high-speed and chirp-free intensity modulation is carried out by tuning the another MZ interferometer for the proposed dual-coupledring resonator modulator. The performances of the dual-coupled-ring resonator modulator are simulated and optimized. Compared with the single-ring resonator modulator, the dual-coupled-ring resonator modulator has three advantages, i.e., wider optical bandwidth, better thermal stability, and most importantly, the tunability of optical bandwidth and chirp-free modulation. Hence, it shows better combined bandwidth-space and bandwidth tuning properties and is more applicable for future on-chip optical processing and interconnects. However, the dual-coupled-ring resonator and microheaters introduce the disadvantages of a larger footprint and power consumption, which can be reduced by optimizing the structures and geometries of the waveguide [25] and microheater [31] , [36] .
